The early insect embryo develops as multinucleated cell distributing genomes uniformly to the cell 14 cortex. Mechanistic insight for nuclear positioning beyond cytoskeletal requirements is missing to 15 date. Contemporary hypotheses propose actomyosin driven cytoplasmic movement transporting 16 nuclei, or repulsion of neighbor nuclei driven by microtubule motors. Here, we show that 17 microtubule crosslinking by Feo and Klp3A is essential for nuclear distribution and internuclear 18 distance maintenance in Drosophila. RNAi knockdown in the germline causes irregular, less dense 19 nuclear delivery to the embryo cortex and smaller distribution in ex vivo embryo explants. A 20 minimal internuclear distance is maintained in explants from control embryos but not from Feo 21 depleted embryos, following micromanipulation assisted repositioning. A dominant-negative Feo 22 protein abolishes nuclear separation in embryo explants while the full-length protein rescues the 23 genetic knockdown. We conclude that antiparallel microtubule overlap crosslinking by Feo and 24
Introduction 29
The nucleus relocates within the cell boundary in response to cell function 1,2 . Aberrant nuclear 30 positioning has been linked to failure of fundamental processes such as early embryo development, 31 cell differentiation, cell migration, polarity determination and homeostasis [3] [4] [5] [6] [7] [8] . Nuclear positioning 32 depends on a set of nuclear envelope proteins linking the cytoskeletal network and transmitting 33 active force generation to the nucleus for movement 1, 9 . In mononuclear cells, cytoskeletal elements 34 mechanically connect the nucleus to the cell cortex being the reference system for positioning 10,11 . 35 One exception are large eggs in which cytoskeletal links between the nucleus and the distant cell 36 cortex are not achieved 12 . Conversely, a multinucleated cell -coenocyte -undergoing nuclear 37 proliferation has to generate positional information with each additional nucleus and requires a 38 mechanism that adjusts the distance between neighboring nuclei 13 . The early embryo of Drosophila 39 melanogaster is both large and multinucleated but exhibits a surprising positional regularity of 40 hundreds of nuclei perturbed by rounds of meta-synchronous nuclear divisions 14 . During the first 41 seven rounds, the nuclei spread axially from the anterior to the posterior end of the embryo and 42 occupy the entire cell volume 15 . During nuclear cycles 7-9, most nuclei migrate to the embryo 43 cortex, where they undergo additional rounds of division as they are anchored and prepared for 44 cellularization 16 . Adequate number of nuclei and their proper positioning at the cortex determines 45 cell size 17 , is essential for epithelia formation and subsequent development 18, 19 and is a result of 46 regular distribution of ancestor nuclei during the preceding developmental phase [20] [21] [22] . The 47 mechanisms required for maintaining the internuclear distances uniformly are not understood. 48
Drug inhibition and mutagenesis suggest that actomyosin mediated cortical contractions drive 49 cytoplasmic streaming and transport the nuclei predominantly along the longer axis of the 50 embryo 17,23-27 . However, large-scale transport of cytoplasm does neither explain how a uniform 51 distribution emerges nor how nuclei are kept separate. Conversely, astral microtubules are required 52 for nuclear movement 28 , and embryos with abnormal microtubule aster morphology exhibit nuclear 53 collision or spindle fusion 20-22 . Baker et al. 15 proposed a repulsion mechanism by motor binding 54 and sliding antiparallel overlaps of astral microtubules from neighboring nuclei, which is 55 reminiscent of the spindle midzone model explaining spindle elongation during anaphase B 29, 30 . At 56 the core lies Klp61F, a homotetrameric, bipolar Kinesin-5 which binds two overlapping 57 microtubules and, when microtubules are antiparallel, slides them outwards reducing microtubule 58 overlap length [31] [32] [33] . Fascetto (Feo) is the Drosophila homolog of the Ase1p/PRC1/MAP65 family 59 of homodimeric, non-motor microtubule-associated proteins (MAPs) which preferentially binds 60 antiparallel microtubule overlaps [34] [35] [36] . It accumulates at the spindle midzone from anaphase to 61 telophase upon cyclin B degradation and controls the binding affinity of molecular motors in the 62 emerging from any two neighboring spindles define four MTOCs and, thus, four possible 96 combinations of astral microtubules interacting (Fig. 1c, right) . We measured the angle q between 97 the long axes of the signal foci and the closest connecting line between two MTOCs (Fig. 1e ). This 98 angle deviated little from zero, supporting the notion that Feo reports microtubule overlaps along 99 the shortest path between neighboring asters. Altogether, in extract from preblastoderm embryos, 100 the relative position of nuclei and the length of astral microtubules leads to the formation of short 101 antiparallel microtubule overlaps which Feo binds to. Furthermore, as a consequence of Feo 102 crosslinking astral microtubules, a mechanical connection is established that may be controlling 103 the distance between neighboring asters and their associated nuclei. 104
During the last four syncytial nuclear cycles at the cortex, the current understanding of nuclear 105 separation is thought to be embodied by the actin based pseudo-compartment driving membrane 106 invagination, a physical barrier that is assembled and disassembled in every division cycle 50, 51 . Klp3A to the overlap by increasing the binding affinity 35, 44 . On the other hand, and more 114 surprisingly, the signal foci indicate the occurrence of antiparallel microtubule overlaps between 115 neighboring non-sister nuclei across actin furrows and membrane invaginations. This observation 116 led us to question the current paradigm that actin pseudo-compartments prevent microtubule 117 crosslinking between neighboring asters or nuclei. We hypothesize from this localization data that 118 the microtubule-based mechanical connection plays a decisive role in nuclear positioning in 119 preblastoderm and early blastoderm stage embryos. 120
Partial knockdown of Feo, Klp3A or Klp61F leads to defective nuclear delivery to the embryo 121 cortex 122
We wanted to understand the functional implication of the three microtubule binding proteins 123 localizing between non-sister nuclei, and if the function is related to correct nuclear delivery to the 124 embryo cortex. To this end, we perturbed the protein levels of Feo, Klp3A or Klp61F using an 125 RNA interference approach and UAS-Gal4 expression in the germline 52 . We expressed RNAi 126 against these genes individually in the developing Drosophila oocyte (Suppl. Fig. 1 ), while 127 expressing Jupiter::GFP, a microtubule reporter 53 , and H2Av::RFP, a chromatin reporter 54 . We 128 exploited the expression kinetics of V32-Gal4 to drive the UASp-RNAi constructs with peak in 129 late oogenesis to prevent undesirable defects during stem cell differentiation. Fertilization in 130 embryos depleted of Feo, Klp3A or Klp61F was similar to the control embryos (data not shown). 131
However, we were unable to determine the exact cycle number when nuclei arrived at the cortex 132 in knockdown embryos. Of note, the interval of division cycles occurring at the cortex and in the 133 cytoplasmic explants remained unaltered when compared to controls. Under all knockdown 134 conditions, we observed nuclei arriving later on average; ~45 min in knockdown condition versus 135 ~15 min in controls, following a 45 min egg laying period. In knockdown embryos, nuclei were 136 irregularly distributed at the cortex and sometimes missing entirely at the posterior end, in contrast 137 to the regular distribution seen in the control RNAi embryo ( Fig. 2a , Suppl. Klp3A localization at microtubule overlaps. The irregularity in nuclear position at the cortex 150 increased as the nuclear cycles progressed (Suppl. Video 4). We, sometimes, observed fusion of 151 sister nuclei after mitosis. More interestingly, we also recorded non-sister nuclear movement 152 towards each other in Feo knockdown embryos, leading to fusion of the spindles and over-153 condensed chromatin. Conversely, fusion was never seen in controls. In summary, the activity of 154 all three microtubule associated proteins is required in the preblastoderm embryo for correct 155 delivery of nuclei to the embryo cortex. However, Kinesin-5 is required for spindle assembly 49,55 156 and, thus, the phenotype could emerge due to assembly defects rather than post-mitotic nuclear 157 separation. Because depletion of Kinesin-5 led to a mild phenotype despite high knockdown 158 efficiency (Suppl. Fig. 3a ), and because of the functional relationship between Feo and Klp3A, we 159 followed up on the role of the latter two genes in internuclear distance maintenance. 160
161

Developmental reset ex vivo reveals failure in nuclear distribution upon RNAi knockdown 162
Our analysis of nuclear distribution during partial knockdown in the embryo suggests that Feo and 163
Klp3A are involved in nuclear delivery to the cortex. However, our protein knockdown approach 164 in vivo has two drawbacks that could potentially lead to misinterpretation: (i) the three proteins 165 play a role in spindle midzone function, and their depletion may affect chromosome segregation in 166 anaphase; (ii) The RNAi expression occurs chronically during late oogenesis. Thus, the irregular 167 distribution of nuclei during cortical migration could be due to early sister chromatid separation 168 errors, leading to missing nuclei in the embryo center and exponentially fewer in subsequent 169 division cycles. Alternatively, inefficient nuclear separation following fertilization could lead to 170 spindle fusion and mitotic errors. To circumvent the inability to detect accumulated effects, we 171 performed time-lapse imaging of nuclear division cycles in cytoplasmic explants from 172 preblastoderm embryos that were depleted of either Feo or Klp3A. Because these explants 173 contained only few dividing nuclei, we could follow their distribution, or the failure thereof, while 174 mimicking the very beginning of preblastoderm embryo development. We followed individual 175 nuclei undergoing division cycles and registered the distribution and any fusion events between 176 sister and non-sister nuclei (Fig. 3a ). In explants from control embryos, nuclei divide and distribute 177 regularly in the entire explant ( Fig 
Displacement of nuclei is rescued in control but not in Feo RNAi embryo explants 195
To test the model of an astral microtubule crosslinker-based separation mechanism for non-sister 196 nuclei, we took advantage of the amenability of embryo explants for mechanical manipulation and 197 designed an acute perturbation approach. We asked how Feo relocalizes when the distance between 198 two interphase nuclei is manually reduced. Finally, we asked whether, under a Feo knockdown 199 condition, nuclei could still adjust their position when brought in close proximity prior to division. 200
To address these questions, we performed contact micromanipulation and changed the positions of 201 two non-sister nuclei that were just exiting mitosis ( Fig. 4a ). As the manipulated nuclei continued 202 mitotic progression we registered the localization of Feo::mCherry and measured the nuclear 203 rearrangement during anaphase and telophase of the subsequent cycle. In agreement with our 204 hypothesis, this physical perturbation caused strong localization of Feo::mCherry exclusively in 205 the region between the manipulated nuclei while asters from distant nuclei, which were not 206 manually displaced, did not recruit the microtubule crosslinker detectably ( Fig. 4b ). Next, we 207 quantified nuclear separation of two neighboring nuclei dividing into four daughter nuclei by 208 determining the four final positions ( Fig. 4c ), arranging these positions as a quadrilateral, aligning, 209 annotating and overlaying them in a common coordinate system ( Fig. 4d ,e) and calculating area 210 ( Fig. 4f ) and lateral distances ( Fig. 4g,h ). We performed these measurements under the control 211
RNAi condition for nuclei in a large empty cytoplasmic space, in a saturated space where several 212 nuclei have spread through the entire explant (see previous section), and in a crowded explant 213 representing one more division cycle. We found that the area of nuclear separation after 214 manipulation is lower than in the non-manipulated and saturated space but indifferent from the 215 crowded control (Fig. 4f ). The manipulated nuclei divided and separated their daughter nuclei at 216 ~15 µm while the distance between non-siblings was maintained at ~25 µm, phenocopying the 217 minimal separation seen in crowded explants ( Fig. 4g ,h) 28 . Interestingly, these separation distances 218
are similar to what was reported for the blastoderm embryo 57 . Finally, we performed the 219 manipulation of nuclear position in Feo-depleted explants expressing Jupiter::GFP and 220
H2Av::RFP. In these experiments, after manipulation, the daughter nuclei moved towards each 221 other rather than apart (Suppl. Fig. 4c ). The separation of siblings was approximately the nuclear 222 diameter (~7 µm) ( Fig. 4g , dashed line) and the separation of non-siblings was ~10 µm (Fig. 4h ). 223
We conclude that acute repositioning of nuclei is detected by the separation machinery, as reported 224 by Feo, and counteracted to prevent spindle fusion or aggregation of nuclei. In other words, Feo is 225 required to prevent nuclear collisions. 226
227
Nuclear separation in the syncytium requires astral microtubule crosslinking by Feo 228
Feo is a dimer and, in vitro, has high affinity for binding two antiparallel microtubules 35, 36, 44 . In 229 this function, Feo could be generating a repulsive mechanical link -an apparent stiffness -which 230 prevents concentric movement and eventual contact of neighboring nuclei. This model predicts a 231 lower repulsion stiffness in the presence of a monomeric construct of Feo, which binds to the same 232 microtubule lattice binding site as the full-length dimer but does not crosslink the antiparallel 233 microtubules. We expect that this dominant-negative effect can be measured as shorter internuclear 234 distance, irregular separation or frequent nuclear contacts. Thus, we designed two protein 235 expression constructs; one containing the full feo coding sequence (sFeoFL::GFP-His6), the other 236 lacking the N-terminal dimerization domain (sFeoDN::GFP-His6), both fused with a C-terminal 237 GFP and a His6 tag sequence ( Fig. 5a ,c). Proteins were expressed in E.coli, affinity-purified and 238 dialyzed into embryo extract compatible buffer 58 (Suppl. Fig. 5a ). When these protein constructs 239
were injected into preblastoderm embryos, the first nuclei to arrive at the embryo cortex showed 240 strong GFP signals between dividing chromosomes where the central spindle is located ( Fig. 5b,d we also detected small foci of green fluorescence between neighboring nuclei ( Fig. 5b, arrowhead) , 246
suggesting that the purified protein and the transgenic construct localize identically. Furthermore, 247 when the full-length protein was injected into Feo RNAi embryos the defective nuclear distribution 248 was rescued to a large extent (Suppl. Fig. 5b ). Nuclei arrive at the embryo cortex more 249 symmetrically between anterior and posterior ends ( Fig. 5e ), in a less skewed distribution (Fig. 5f ) 250 and with more uniform internuclear distance ( Fig. 5g ) as compared to mock-injected Feo RNAi 251 embryos. Owing to the variability of injection we could fully recover nuclear density to a normal 252 level in two embryos and significantly increase nuclear density in the remaining five embryos ( Fig.  253 5h). Notably, the injected protein pool is stable for at least 90 minutes, throughout several division 254 cycles. In summary, we show that a GFP-tagged full-length protein construct localizes correctly 255 and rescues the gene knockdown in the germline. We conclude that it is functionally identical to 256 the endogenous protein that is maternally deposited in the egg and stable during syncytial 257
development. 258
Finally, having designed and purified the dominant-negative and the full-length protein with 259 identical procedures, we asked how nuclear separation changes upon excess of dominant-negative 260 Feo protein, added at 100-200 nM final concentration to wildtype embryo explants containing one 261 or two nuclei. As control condition, we injected the full-length protein at the same final 262 concentration into embryo explants, and despite this perturbation the explant supported normal 263 nuclear separation and distribution ( Fig. 5i, left) . Conversely, adding the monomeric 264 sFeoDN::GFP-His6 construct worsened nuclear separation considerably after chromosomes 265 segregated. Here, in contrast to the control condition, nuclei did not occupy the entire explant space 266 after consecutive divisions (Fig. 5i, right) . The short internuclear distance led to unnatural 267 chromosome aggregation, fusion and eventually to mitotic failure. Nuclear separation of two 268 neighboring non-sister nuclei, as measured by the quadrilateral area defined by their position, was 269 significantly smaller than in control divisions in the presence of full-length Feo protein ( Fig. 5j,k) . invagination generating a proto-epithelium from which newborn cells detach. These observations 281 support the hypothesis that epithelia evolutionary predate animals 61 . We propose that correct 282 compartmentalization and generation of uninuclear offspring necessitates robust nuclear 283 separation. If warranted true, then a separation mechanism must have coevolved with the origin of 284 epithelia and was essential for the emergence of multicellularity. their progeny along the spindle axis ( Fig. 6a) . In a 3-dimensional space, none of the daughter nuclei 291 may collide unless the spindle axes are both coplanar and non-parallel. Typically, nuclei migrate 292 only 10-15µm away from the original spindle center before dividing again 28 . This geometric 293 constraint reduces configurations that produce colliding trajectories in a 2-dimensional topology to 294 about 40% of all possible spindle axis orientations, so that axes intersect at an angle between zero 295 (collinear) and 70º ( Fig. 6b ). Adding complexity, spindles in a network with optimal packing face 296 a number of neighbors (6 in 2D, 12 in 3D) ( Fig. 6c ). Thus, a synchronously dividing spindle 297 network will inevitably produce colliding trajectories of daughter nuclei. It is therefore necessary 298 that, instead of controlling division axes, the cell controls nuclear proximity independently of the 299 relative orientations they divide (Fig. 6d ). This enables the syncytial embryo to divide hundreds of 300 nuclei synchronously and distribute them to any unoccupied position. Here, we demonstrate a 301 molecular mechanism that responds to short internuclear distances in the syncytium with a 302 microtubule dependent repulsion. Each nucleus is associated with a radial array of microtubules 303 nucleated by the centrosome, which duplicates and forms the two spindle poles in the next division. 304
Prior, however, this microtubule aster guides nuclear migration and grows large enough to 305 encounter microtubules from neighboring asters that migrate as well. This encounter leads to 306 interdigitation of the microtubule plus-ends (antiparallel overlaps) and forms binding sites for 307
crosslinking proteins. Our data shows that Feo, the PRC1 homolog in Drosophila and antiparallel 308 microtubule crosslinker, plays a central role in defining a minimal internuclear distance in the 309 syncytial Drosophila preblastoderm embryo. 310
Vertebrate PRC1 is a microtubule binding protein with high turnover kinetics and at least 28 times 311 higher affinity for antiparallel microtubule overlaps than for single microtubules 35 Lastly, the reader may wonder how astral microtubule overlap crosslinking by Feo and Klp3A 388 defines the internuclear distance metric, leading to a distribution of syncytial nuclei with high 389 regularity. In an earlier study, Telley et al. 28 showed that microtubule aster size varies throughout 390 the nuclear division cycle, reaching a maximum of 11 ± 3 µm in telophase. Herein, the aster size 391 represents the length distribution of microtubules which, for dynamic microtubules with non-392 growing minus-end, is well approximated with an exponential distribution 81 . We assume that two 393 microtubules from neighboring asters grow at least to average length, overlap with their plus-ends 394 and are collinear. If the overlap length is stably ~1 µm, then the total length from centrosome to 395 centrosome is on average 21 ± 4 µm. Considering that a centrosome is ~1 µm large, and that a 396 nucleus in late telophase is 5 ± 1 µm in diameter, the total distance between the centers of 397 neighboring nuclei is 28 ± 4 µm. This estimate is in good agreement with the internuclear distance 398 distribution measured from center to center of each nucleus (Fig. 3c) , the minimal non-sibling 399 internuclear distance in extract ( Fig. 4h ) and earlier reported separation distances of daughter 400 nuclei 28 . Thus, the short antiparallel overlap length of microtubules from neighboring asters and 401 the microtubule length distribution are sufficient to explain the geometry of nuclear distribution in 402 the Drosophila syncytial embryo. 403
Methods
404
Fly husbandry: Rearing of flies for general maintenance was done as previously described 82 with a 40x 1.3NA oil immersion objective. Images of embryo explants were acquired with a 60x 426 1.2NA or a 40x 1.15NA water immersion objective. Images were recorded with an Andor iXon3 427 888 EMCCD 1024x1024 camera with 13 µm square pixel size, and a 2x magnification in front of 428 the camera except for images used in the analysis of Fig. 5e-h and Supp. Fig. 5b , which were taken 429 by a 20x 0.75NA multi-immersion objective with an Andor Zyla sCMOS 2048x2048 camera with 430 6.5 µm square pixel size. 431 localization is not detectable between nuclei that have not been moved and are further apart. Scale 840 bars, 15 µm c) Schematic of the mitotic separation distance and non-sister separation distance. 841
Nuclei a and b were brought close to each other and following a division give rise to daughters a1, 842 a2, and b1, b2, respectively. d) Schematic of the quadrilateral area defined by the four nuclei a1, a2, 843 b1, b2 after mitosis as shown in c). e) Overlay of quadrilaterals aligned for coordinate a2 and rotated 844 so that the vector b1 -a2 matches the where the four nuclei touch each other. g) The average mitotic separation distance between the 852 dividing nuclei (|a1-a2|; |b1-b2|) is reduced in the manipulated Feo RNAi condition and is close to 853 the lower limit of separation (nuclear diameter) where the nuclei are touching each other. In 854 contrast, sister nuclei are separated in all the control conditions. The color code is the same as in 855 f). h) The average non-sister separation between the dividing nuclei (|a1-b1|; |a2-b2|) is reduced in 856 the manipulated Feo RNAi condition and is close to the lower limit of separation where the nuclei 857 are touching each other. In the control, the distance between the non-sister nuclei is ~25 µm. The 858
color code is the same as in f). neighboring spindles with coplanar spindle axes. If these axes are not parallel, they will always 910 form an intersection point. However, because of the short nuclear migration from the previous 911 spindle center (~14 µm), the nuclear diameter (~5 µm) and the average inter-spindle distance (~28 912 µm), two non-sibling nuclei will only collide if the relative angle alpha between spindle axes is 913 ≤70º. c) In a two-dimensional topology of spindles with optimal packing each spindle has six 914 neighbors. In this configuration, and considering the geometric constraints shown in b), no 915 configuration of center spindle axis orientation relative to its neighbors generate a non-sibling 916 nuclear collision. d) Model of aster mediated repulsion between neighboring nuclei on a colliding 917 trajectory after mitosis. Astral microtubule crosslinking by Feo and Klp3A generates a repulsive 918 mechanical element that deviates the direction of separating nuclei from the spindle axis. 919 To evaluate the expression profile of the Gal4 driver, we made a construct expressing V32-Gal4 924
Supplementary Figures
driving UASp-GFP expression specifically in the female germline. The fluorescence intensity in 925 the ovarioles indicates that the peak expression of GFP is achieved only at late stages of oogenesis. 926
It illustrates the expression pattern of UASp constructs under the same Gal4 driver, including the 927 various RNAi constructs described here, with maximum effect in late oogenesis. Scale bar, 10 µm. 928 were not separated by gel filtration and are of bacterial origin as determined by mass spectrometry. 978
b) The position (circle) of every nucleus arriving at the embryo cortex after the last preblastoderm 979 division, relative to the axial and lateral borders of the embryo, for each condition: Feo (35467)  980 mock-injected (buffer), Feo (35467) rescued by protein injection, Control (mCherry) mock-981
injected. The green dashed rectangle represents the area of the embryo bounded by the length and 982
width of the visible embryo in the confocal stacks, with the anterior end at the coordinate origin. 983
The cyan cross represents the location of the 2-dimensional centroid defined from the position of 984 all nuclei. The nuclei in interphase of the first division at the cortex are marked in black, nuclei that 985 have progressed to metaphase / anaphase are marked in magenta. 986
